Protein kinase C-mediated phosphorylation of the two polybasic regions of synaptotagmin VI regulates their function in acrosomal exocytosis  by Roggero, Carlos M. et al.
www.elsevier.com/locate/ydbioDevelopmental Biology 2Protein kinase C-mediated phosphorylation of the two polybasic regions
of synaptotagmin VI regulates their function in acrosomal exocytosis
Carlos M. Roggeroa, Claudia N. Tomesa, Gerardo A. De Blasa, Jimena Castilloa,
Marcela A. Michauta,1, Mitsunori Fukudab, Luis S. Mayorgaa,*
aLaboratorio de Biologı´a Celular y Molecular, Instituto de Histologı´a y Embriologı´a (IHEM-CONICET), Facultad de Ciencias Me´dicas,
Universidad Nacional de Cuyo, Casilla de Correo 56, 5500 Mendoza, Argentina
bFukuda Initiative Research Unit, The Institute of Physical and Chemical Research (RIKEN), Saitama 351-0198, Japan
Received for publication 23 May 2005, revised 9 July 2005, accepted 11 July 2005
Available online 18 August 2005Abstract
We have previously reported that synaptotagmin VI is present in human sperm cells and that a recombinant protein containing the C2A
and C2B domains abrogates acrosomal exocytosis in permeabilized spermatozoa, an effect that was regulated by phosphorylation. In this
report, we show that each individual C2 domain blocks acrosomal exocytosis. The inhibitory effect was completely abrogated by
phosphorylation of the domains with purified PKChII. We found by site-directed mutagenesis that Thr418 and/or Thr419 in the polybasic
region (KKKTTIK) of the C2B domain – a key region for the function of synaptotagmins – are the PKC target that regulates its inhibitory
effect on acrosomal exocytosis. Similarly, we showed that Thr284 in the polybasic region of C2A (KCKLQTR) is the target for PKC-
mediated phosphorylation in this domain. An antibody that specifically binds to the phosphorylated polybasic region of the C2B domain
recognized endogenous phosphorylated synaptotagmin in the sperm acrosomal region. The antibody was inhibitory only at early stages of
exocytosis in sperm acrosome reaction assays, and the immunolabeling decreased upon sperm stimulation, indicating that the protein is
dephosphorylated during acrosomal exocytosis. Our results indicate that acrosomal exocytosis is regulated through the PKC-mediated
phosphorylation of conserved threonines in the polybasic regions of synaptotagmin VI.
D 2005 Elsevier Inc. All rights reserved.Keywords: Spermatozoon; Acrosome reaction; Human sperm; Synaptotagmin; PKC; PhosphorylationIntroduction
The acrosome reaction is a single massive exocytotic
process triggered by the activation of sperm receptors by
ligands in the zona pellucida of the oocyte. This interaction
initiates a complex transduction mechanism leading to
multiple fusion events between the outer acrosomal mem-
brane and the overlying plasmalemma. As a consequence,
the spermatozoon releases the acrosomal content together0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.07.007
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brane, and part of the sperm cytoplasm (Yanagimachi,
1994).
As in other regulated secretory events, calcium plays a
central role in the acrosome reaction (Breitbart, 2002;
Darszon et al., 2001). A first, transient cytosolic calcium
increase, probably mediated by T-type calcium channels,
leads to a second sustained increase in cytosolic calcium
concentration that is necessary for the acrosome reaction.
The current hypothesis is that the first calcium increase
activates phospholipase C (PLC), releasing inositol 1,4,5-
trisphosphate (IP3) which opens IP3-sensitive calcium
channels in the membrane of the acrosome. The emptying
of this store triggers the opening of store-operated calcium
channels in the plasma membrane, causing a second and
sustained calcium increase that initiates acrosomal exocy-85 (2005) 422 – 435
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addition to IP3, activation of PLC also generates diacylgly-
cerol, a potent activator of several protein kinase C1 (PKC)
isoforms. It has been proposed that PKC is a key component
of the acrosomal exocytosis transduction pathway, although
its role in the process is not completely understood
(Breitbart and Naor, 1999).
Several calcium-binding proteins have been implicated in
the membrane fusion mechanism underlying exocytosis.
These include the synaptotagmins, a family of transmem-
brane proteins that have been postulated to be the calcium
sensors responsible for triggering exocytosis (Sudhof, 2002;
Tucker and Chapman, 2002). Synaptotagmins are trans-
membrane proteins with a cytoplasmic region that contains
two conserved C2 domains. These motifs are found in a
large set of proteins including PKC, PLC, and phospholi-
pase A2. Similar domains are also present in several
proteins involved in membrane fusion (e.g., RIM, rabphi-
lin3A, Munc13) (Rizo and Sudhof, 1998). The synaptotag-
min C2A (membrane proximal) and C2B (membrane distal)
domains are similar but not identical, and they may have
different roles in exocytosis (Bai and Chapman, 2004;
Tokuoka and Goda, 2003). These motifs feature three very
interesting properties that are likely relevant for regulated
secretion: (i) they interact with lipid bilayers in a calcium
dependent manner, (ii) they bind several proteins that
participate in exocytosis, such as syntaxin and SNAP-25,
two members of the SNARE complex, and (iii) they are
involved in the calcium dependent homo- and hetero-
oligomerization of several synaptotagmins (Fukuda et al.,
2002; Tucker and Chapman, 2002). Therefore, the two C2
domains are likely to be directly involved in the membrane
fusion process leading to exocytosis.
In a previous report, we presented evidence that
synaptotagmin VI is present in human sperm cells (Michaut
et al., 2001). Moreover, by using a functional assay in
permeabilized spermatozoa, we showed that this protein is
necessary for acrosomal exocytosis and that the effect is
regulated by phosphorylation. Very little is known about the
role of phosphorylation in the activity of synaptotagmins.
Synaptotagmin I is a substrate for PKC (Hilfiker et al.,
1999). However, the phosphorylation site was mapped to
the linker region – connecting the transmembrane domain
with the C2A domain – that shows low homology with the
linker of synaptotagmin VI. Therefore, the regulation of
synaptotagmin function by PKC-mediated phosphorylation
is, for the most part, an open question.
In this report, we focused on the effect of the two
synaptotagmin VI C2 domains and demonstrated that each
participates individually in acrosomal exocytosis. Their
effect was completely abrogated by PKC-mediated phos-
phorylation of the domains. For both C2A and C2B
domains, the relevant phosphorylation site was localized
in the fourth beta strand polybasic region, a key motif for
the activity of synaptotagmins. An antibody that specifically
binds to the phosphorylated polybasic region of the C2Bdomain recognized endogenous antigens in the sperm
acrosomal region and inhibited exocytosis. Our results
indicate that synaptotagmin VI function in acrosomal
exocytosis is regulated by the PKC-mediated phosphoryla-
tion of essential threonines in the polybasic region of the C2
domains.Materials and methods
Reagents
Streptolysin O (SLO) was obtained from Corgenix
(Peterborough, UK) and cheleritrin from Alomone Labs
(Jerusalem, Israel). Gamete Preparation Medium (GPM;
Serono, Madrid, Spain) was used as spermatozoa culture
medium. The composition of GPM is based on Earle’s
balanced salt solution and contains 1 mg/ml of human serum
albumin. The pH is buffered within the range 7.2 to 7.4.
O-nitrophenyl EGTA-AM (NP-EGTA-AM), Hoechst
33258, and BAPTA-AM were purchased from Molecular
Probes (Eugene, OR). Horseradish-peroxidase- and
TRITC-conjugated goat anti-rabbit IgG were from Kirke-
gaard and Perry Laboratories Inc (KPL, Gaithersburg,
MD). Glutathione–sepharose was from Amersham Bio-
sciences Argentina (Buenos Aires, Argentina). Pre-stained
relative molecular mass standards were from BRL-Life
Technologies, Inc (Gaithersburg, MD). All other reagents
were from Sigma Chemical Company (St. Louis, MO) or
from ICN Biochemicals, Inc. (Aurora, OH).
Acrosome reaction in permeabilized spermatozoa
Human semen samples were obtained from healthy
donors. Highly motile sperm were recovered following a
swim-up separation for 1 h in GPM medium at 37-C in an
atmosphere of 5% CO2/95% air. Concentration was then
adjusted to 5–10  106 cells/ml with GPM and incubation
carried out for at least 2 h (capacitating conditions). Sperm
were permeabilized as described (Yunes et al., 2000). Cells
were resuspended in ice-cold sucrose buffer (250 mM
sucrose, 20 mM HEPES-K, 0.5 mM EGTA, pH 7) con-
taining 2 mM DTT. All experimental treatments were
performed by incubating the cells in sucrose buffer
containing various inhibitors for 15 min at 37-C. After
addition of calcium to the sperm suspensions, incubations
proceeded at 37-C for another 15 min. Acrosomal status
was evaluated by staining with fluorescein-isothiocyanate-
coupled Pisum sativum (FITC-PSA) according to Mendoza
et al. (1992). At least 200 cells were scored using a Nikon
Optiphot II microscope equipped with epifluorescence
optics. Negative (no stimulation) and positive (10 AM free
calcium) controls were included in all experiments. For each
experiment, the data were normalized by subtracting the
percentage of reacted spermatozoa in the negative control
(no stimulation) from all values and expressing the result as
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positive control (10 AM free Ca2+). Actual percentage of
reacted sperm for negative controls was 19% T 6 (mean T
SD). The increase in reacted sperm after calcium stimulation
(percentage of reacted sperm in positive controls minus
percentage of reacted sperm in the negative control) was
13% T 3 (mean T SD).
Site-directed mutagenesis of C2A and C2B synaptotagmin
VI domains
Mutant synaptotagmin VI-C2A fragments carrying a Thr-
to-Ala (TA) or a Thr-to-Glu (TE) substitution at amino acid
position 284 were constructed by conventional PCR using
the following mutagenic oligonucleotides with a BglII
site (underlined) and C2A-3Vprimer (Fukuda et al., 1996):
5V-GCAGATCTACCTCCTGCCTGACCGCAAGTG-
CAAGCTGCAGGCCCGGGT-3V (TA primer; sense) and
5V-GCAGATCTACCTCCTGCCTGACCGCAAGTG-
CAAGCTGCAGGAGCGGGT-3V (TE primer; sense). The
mutant synaptotagmin VI-C2A (TA) or (TE) fragments were
purified, digested with BglII and EcoRI, and then subcloned
into the BglII/EcoRI site of pGEX-2T-synaptotagmin VI-
C2A vector. Mutant synaptotagmin VI-C2B plasmids
carrying a TA (T418A and T419A) or a TE (T418E and
T419E) substitution were produced by two-step PCR
techniques using the following mutagenic oligonucleotides
with an artificial AflII site (underlined) as described
previously (Fukuda et al., 1995): 5V-CTTCTTAAGCCTCC-
GTCCATCACA-3V (synaptotagmin VI-AflII primer; anti-
sense), 5V-AGGCTTAAGAAGAAGAAAGCGGCCATA-3V
(TA primer; sense), and 5V-AGGCTTAAGAAGAAGAAA-
GAGGAGATAAAA-3V(TE primer; sense). Mutations were
confirmed by sequencing both strands of all plasmids.
Purification and in vitro phosphorylation of synaptotagmin
VI C2 domains
GST-synaptotagmin VI-C2A and -C2B (wild type and
mutants) were expressed and purified as described previ-
ously (Fukuda et al., 1996; Ibata et al., 1998). To remove
tightly bound contaminants, bead-immobilized proteins
were washed twice with RNase/DNase (10 Ag/ml in 50
mM HEPES-Na, pH 7.4, 1.1 M NaCl, 1 mM MgCl2) for 15
min at 4-C. The beads were then washed with 50 mM
HEPES-Na, pH 7.4, 0.1 M NaCl, and the proteins were
eluted with 50 mM reduced glutathione, 50 mM HEPES-
Na, pH 8. When indicated, the C2A domain was separated
from GST by thrombin treatment of the beads (protocol
in http://www.ls.huji.ac.il/¨purification/TagProteinPurif/
CleavTombin.html). In phosphorylation experiments, 5
AM recombinant synaptotagmin VI domains were preincu-
bated for 15 min at 37-C in the presence or absence of 325
nM phorbol 12-myristate 13-acetate (PMA) in sucrose
buffer containing 1 mg/ml of bovine brain cytosolic
proteins, 0.25 mg/ml of microsomal lipids, 1 mM ATP,1.5 mM MgCl2, and 5 mM NaF. For phosphorylation assays
using purified PKC, 5 AM synaptotagmin VI domains were
incubated in 20 mM HEPES-K pH 7.4, 2 mM DTT, 100 AM
ATP, 5 mM MgCl2, and 5 mM NaF containing 0.6 U/ml of
PKChII (Calbiochem, La Jolla, USA) under non-activating
(5 mM EGTA) or activating (140 AM phosphatidylserine,
325 nM PMA, 100 AM CaCl2) conditions for 15 min at
37-C. After incubation, the mixtures were filtered through a
Sephadex G-25 spin column equilibrated with sucrose
buffer to eliminate PMA and small molecules. For 32P-
labeling of the recombinant proteins, 5 AM synaptotagmin
VI domains were incubated with PKChII as described
above with the addition of protease inhibitors (0.6 mM
PMSF and 1 mM leupeptin). The ATP concentration was
reduced to 10 AM, and 100 ACi/ml [g32P]ATP (Amersham
Biosciences, UK) was included in the assay. Proteins were
resolved by 10–12.5% SDS-PAGE, the gels were dried and
exposed to Kodak XAR film (Eastman Kodak, Rochester,
NY, USA).
Antibodies against the polybasic region of the C2B domain
The synthetic peptide RRLKKKKTTIKKNTL, phos-
phorylated in position 419 (PP), was used to immunize
rabbits. Antibodies recognizing the peptide (anti-PP) were
affinity-purified on a phosphopeptide column. Antibodies
that did not differentiate between the phosphorylated and
non-phosphorylated (NP) antigens (anti-PP/NP) were sepa-
rated on a second column coupled to the unphosphorylated
peptide (NP) (Genemed Synthesis, San Francisco, USA). To
test the specificity of the antibodies, PP and NP peptides
(0.25 Ag) were immobilized on nitrocellulose. The peptides
were visualized on the membranes by Ponceau Red staining.
Non-specific binding was blocked with PBS containing
0.1% Tween 20 and 5% low-fat milk (2 h at 20-C). Anti-PP
and anti-PP/NP antibodies in blocking buffer were added at
various concentrations and incubated 1 h at 20-C. The
membranes were washed 5 times with PBS–0.1% Tween 20
and incubated with horseradish-peroxidase-conjugated goat
anti-rabbit IgG (0.016 Ag/ml in PBS–0.1% Tween 20, 1 h at
20-C). After 5 washes with PBS–0.1% Tween 20, detection
was accomplished by using an enhanced chemilumines-
cence system (ECL; Amersham Biosciences, Buenos Aires,
Argentina) and subsequent exposure to Kodak XAR film
(Eastman Kodak, Rochester, NY).
Indirect immunofluorescence
Sperm were fixed/permeabilized in 2% paraformalde-
hyde–0.1% Triton X-100 in PBS for 10 min at room
temperature. After fixation, sperm were incubated in 50 mM
glycine–PBS for 30 min at 20-C and 1 h in 5% BSA–PBS
containing 0.4% polyvinylpyrrolidone (40,000 average
MW, PBS/PVP). Cells were labeled with the anti-PP or
anti-PP/NP antibodies (overnight at 4-C, 70 nM in 3%
BSA–PBS/PVP containing 0.02% SDS) followed by a
Fig. 1. Recombinant C2A and C2B domains of synaptotagmin VI abrogate
calcium-dependent acrosomal exocytosis in permeabilized human sperma-
tozoa. (A) Diagram of synaptotagmin VI and the C2A and C2B domains.
TM: transmembrane region. (B) Permeabilized spermatozoa were incubated
for 15 min at 37-C in the presence of different concentrations of purified
C2A (circles) or C2B (triangles) domains of synaptotagmin VI fused to
GST. Acrosomal exocytosis was evaluated by lectin binding after an
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0.5% BSA–PBS/PVP). As control, some samples were
treated with an unrelated IgG fraction. In some experiments,
the anti-PP antibody was preincubated with PP or NP
peptides (700 nM). To immunolabel permeabilized sperm,
the primary antibodies were added before fixation (70 nM in
sucrose buffer, 15 min at 37-C). Cover slips were washed
(3) with PBS/PVP between incubations. Finally, the cells
were incubated 1 min in cold methanol and stained first with
Hoechst 33258 (1 min at 20-C, 1 Ag/ml in PBS) and then
with FITC–PSA (30 min at 20-C, 50 Ag/ml in PBS), and
washed with distilled water for 20 min at 4-C. Cover slips
were mounted in Gelvatol and examined with an Eclipse
TE2000 Nikon microscope equipped with a Hamamatsu
Orca 100 camera operated by the MetaMorph software
package (Universal Imaging Corp., USA). The presence of
immunostaining in the acrosomal region was evaluated in at
least 200 cells in three independent experiments.
Statistical analysis
Differences between experimental and control conditions
were tested by one way ANOVA and Tukey–Kramer tests.
Only significant differences (P < 0.05) among experimental
groups are discussed in the text.
additional 15-min incubation at 37-C in the presence or absence of 0.5 mM
CaCl2 (10 AM free Ca2+ concentration). The data represent the mean T SEM
of three independent experiments, normalized as explained in Materials and
methods.Results
Recombinant C2A and C2B domains of synaptotagmin VI
inhibit acrosomal exocytosis
Previous observations from our laboratory have shown
that the cytoplasmic domain of synaptotagmin VI completely
eliminates calcium- and Rab3A-triggered acrosomal exocy-
tosis in permeabilized human spermatozoa (Michaut et al.,
2001). The cytoplasmic domain of the synaptotagmin family
has two calcium and phospholipid binding domains that
actively participate in exocytosis. The two domains are not
equivalent, and both have been implicated in the exocytotic
process (Tokuoka and Goda, 2003). To assess whether the
separated domains could influence acrosomal exocytosis,
C2A and C2B were expressed in bacteria as GST fusion
proteins and incorporated into the permeabilized sperm
acrosomal exocytosis assay (Fig. 1). Both domains effi-
ciently inhibited the assay with similar potency (IC50, mean T
SEM, 220 nM T 55 for C2A and 185 nM T 53 for C2B). This
implies that each domain interacts individually with the
fusion machinery operating during acrosomal exocytosis.
PKC-dependent phosphorylation regulates the effect of the
C2A and C2B domains
The inhibitory effect of the cytoplasmic domain of
synaptotagmin VI is completely lost upon in vitro phos-
phorylation of the recombinant protein (Michaut et al.,2001). We characterized the effect of phosphorylation on
both C2A and C2B domains. The domains were incubated
in the presence of ATP and bovine brain cytosol – as a
source of kinases – with PMA to stimulate PKC. After the
incubation, the mixture was gel-filtered to eliminate low
molecular weight components and added to the acrosomal
exocytosis assay. Controls with the gel filtered–phosphor-
ylation mixture confirmed that this fraction did not stimulate
or inhibit the exocytosis assay (data not shown). This
preincubation of the C2 domains counteracted their inhib-
itory effect on acrosomal exocytosis only when performed
in the presence of PMA (Fig. 2). Moreover, cheleritrin, a
PKC inhibitor, reversed the effect of PMA. These results
indicate that the activity of both C2 domains is regulated by
phosphorylation. Since phosphorylation was only effective
in the presence of PMA and was inhibited by cheleritrin, it
is likely that PKC is the kinase involved in the regulation of
synaptotagmin VI action.
To test this hypothesis, the experiments were repeated
using purified PKChII. As shown in Fig. 3A, incubation
with the purified enzyme was able to block the effect of
C2A and C2B, and this effect was dependent upon the
activation of the kinase. Incubation with PKChII in the
absence of PMA, lipids, and calcium did not alter the
inhibitory effect of the two C2 domains. Phosphorylation
completely eliminated the inhibitory effect of the domains.
Fig. 2. The effect of C2A and C2B synaptotagmin VI domains on calcium-
dependent acrosomal exocytosis is inactivated by phosphorylation. The
recombinant proteins were incubated for 15 min at 37-C in the absence
(PMA) or the presence (+PMA) of 325 nM PMA or with PMA and 10
AM cheleritrin (+PMA + chel) in a sucrose buffer containing brain cytosolic
proteins as a source of kinases. After incubation, the mixture was filtered
through a spin column of Sephadex G-25 to eliminate PMA and small
molecules. Permeabilized spermatozoa were incubated for 15 min at 37-C
in the presence of 500 nM untreated domains (– ) or treated as described
above. Acrosomal exocytosis was evaluated by lectin binding after an
additional 15-min incubation at 37-C in the absence (control) or presence of
10 AM free Ca2+ (Ca). The data represent the mean T SEM of three
independent experiments, normalized as explained in Materials and
methods.
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not prevent exocytosis (Fig. 3B). To rule out the possibility
that the GST could be influencing the effect of the proteins,
the C2A domain was cleaved and purified. Inhibition by the
peptides containing or lacking GST was essentially indis-
tinguishable (Fig. 3B).
In order to directly demonstrate PKC-mediated phos-
phorylation of the C2 domains, the proteins were incubated
with PKChII under activating and non-activating conditionsFig. 3. PKC-mediated phosphorylation of C2A and C2B synaptotagmin VI
domains inactivates their effect on calcium-dependent acrosomal exocy-
tosis. (A) C2A and C2B domains were incubated for 15 min at 37-C with
PKChII under non-activating (PMA) or activating (+PMA) conditions as
explained in Materials and methods. After incubation, the mixture was
filtered through a spin column of Sephadex G-25 to eliminate PMA and
small molecules. Permeabilized spermatozoa were incubated for 15 min at
37-C in the presence of 500 nM untreated domains (– ) or treated as
described above. Acrosomal exocytosis was evaluated by lectin binding
after an additional 15-min incubation at 37-C in the absence (control) or
presence of 10 AM free Ca2+ (Ca). (B) Effect of different concentrations of
the untreated C2A domain (gray triangles), phosphorylated as explained in
panel A (black triangles), with the GST portion removed (gray squares), or
with the GST portion removed and phosphorylated (black squares). The data
in panels A and B represent the mean T SEM of at least three independent
experiments, normalized as explained in Materials and methods. (C) Purified
wild type fusion proteins GST-C2A (C2Awt), GST-C2B (C2Bwt), and GST
alone (GST) were incubated for 15 min at 37-C with (+) or without ()
PKChII (0.6 U/ml) under non-activating (PMA) or activating (100 AM
CaCl2, 325 nM PMA, 140 AM phosphatidylserine, +PMA) conditions in the
presence of [g32P]ATP. Samples were then resolved by SDS-PAGE, and
radiolabeled proteins were detected by autoradiography. Molecular weight
standards (kDa) are indicated on the left.in the presence of [g32P]ATP. After resolving the proteins by
SDS-PAGE, 32P-labeled proteins were visualized by auto-
radiography (Fig. 3C). Both recombinant GST-C2 domains
(¨40kDa) were phosphorylated, whereas GST (¨26kDa)
alone was not. Phosphorylation was observed only in the
presence of PKChII under activating conditions (+PMA).
The lower molecular mass band phosphorylated in the C2B
preparation was also observed by Coomassie blue staining,
and it may represent some degradation of the recombinant
protein. Autophosphorylation of PKC (¨77kDa) served as
an internal control for the efficiency of phosphorylation
under each experimental condition. Taken together, our
results indicate that both C2A and C2B domains can be
phosphorylated in vitro by PKC and that this post-transla-
Fig. 4. The polybasic region of C2B contains a PKC consensus site, whose
phosphorylation regulates its effect on acrosomal exocytosis. (A) Thr418
and Thr419 in the polybasic region of synaptotagmin VI C2B domain were
changed to Ala (TA mutant) to prevent phosphorylation or to Glu (TE
mutant) to mimic the negative charge introduced by phosphorylation. The
same region in synaptotagmin I is shown for comparison. (B) Permeabilized
spermatozoa were incubated for 15 min at 37-C in the presence of 500 nM
untreated domains (C2B-TA, C2B-TE). For some experiments, C2B-TA
was incubated with PKChII under non-activating (PKChII-PMA) or
activating (PKChII + PMA) conditions or with cytosol and PMA (cyt +
PMA) as explained in Figs. 2 and 3. Acrosomal exocytosis was evaluated
by lectin binding after an additional 15-min incubation at 37-C in the
absence (control) or presence of 10 AM free Ca2+ (Ca). The data represent
the mean T SEM of at least three independent experiments. (C) Purified
GST-C2B domains (wild type and mutants) were incubated for 15 min at
37-C with PKChII (0.6 U/ml) under activating conditions (100 AM CaCl2,
325 nM PMA, 140 AM phosphatidylserine) in the presence of [g32P]ATP.
Samples were then resolved by SDS-PAGE, and radiolabeled proteins were
detected by autoradiography. Molecular weight standards (kDa) are
indicated on the left.
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mal exocytosis.
Phosphorylation of the polybasic domain of C2B regulates
its effect on acrosomal exocytosis
The previous results clearly imply that both C2 domains
of synaptotagmin VI interact with the endogenous machi-
nery involved in acrosomal exocytosis and that this
interaction is regulated by phosphorylation. Our next goal
was to identify the PKC phosphorylation site that affects
their ability to inhibit exocytosis. A polybasic region that
lies on the edge of the C2B domain has been implicated in
the binding to inositol polyphosphates (Ibata et al., 1998),
PIP2 (Bai et al., 2004), SNAREs (Rickman et al., 2004), and
AP2 (Littleton et al., 2001). This region has two threonine
residues (Fig. 4A) that fit in a PKC phosphorylation
consensus sequence (http://scansite.mit.edu/motifscanner/
motifscan1.phtml). Two mutants were made to evaluate
whether this putative phosphorylation site is responsible for
the observed effect. In the TA mutant, threonine 418 and
419 were mutated to alanine to eliminate the phosphor-
ylation site. The same threonines were mutated to glutamic
acid to mimic the bulky negatively charged group intro-
duced by phosphorylation (TE mutant, Fig. 4A).
The wild type C2B domain and the two mutants were
expressed in bacteria as GST-fusion proteins and purified
on glutathione–sepharose columns. When the mutants
were introduced into the functional assay, C2B-TA
inhibited the acrosome reaction (Fig. 4B). In contrast,
C2B-TE, which mimics the phosphorylated state, did not.
When the C2B-TA mutant was preincubated under
phosphorylating conditions with cytosol or PKChII as
described for wild type C2B (Figs. 2 and 3), its effect on
exocytosis was not reduced (Fig. 4B). These results
strongly suggest that phosphorylation of threonine 418
and/or 419 is responsible for the lack of activity of the
phosphorylated wild type C2B domain. None of the
mutants incorporated [g32P]ATP in the presence of PKChII
II probably because in C2B-TA and C2B-TE the relevant
threonine residues were mutated (Fig. 4C). This observa-
tion indicates that this motif is the only PKC phosphor-
ylation site in the C2B domain. We may conclude that the
KKKTTIK motif of synaptotagmin VI is the regulatory site
phosphorylated by PKC.
Phosphorylation of the polybasic domain of C2A regulates
its effect on acrosomal exocytosis
The C2A domain also has a polybasic region (Fig. 5A).
However, this sequence is not a recognized PKC phosphor-
ylation consensus sequence. Nevertheless, it contains a
threonine that was mutated to generate the C2A-TA and
C2A-TE mutants. In the TA mutant, threonine 284 was
mutated to alanine to eliminate this potential phosphoryla-
tion site. In the TE mutant, the same threonine was mutatedto glutamic acid to mimic the negative charge that would be
introduced by phosphorylation (Fig. 5A).
In parallel with the observations with the C2B domain,
the C2A-TA mutant was inhibitory in the functional assay,
whereas the C2A-TE mutant had no effect (Fig. 5B).
Moreover, the effect of the C2A-TA mutant was insensitive
to incubation under phosphorylating conditions (Fig. 5B).
These results are consistent with the hypothesis that PKC-
mediated phosphorylation of the polybasic region of the
C2A domain also regulates the interaction of this domain
with the fusion machinery mediating acrosomal exocytosis.
Fig. 5. The polybasic region of C2A contains a PKC phosphorylation site
that regulates its effect on acrosomal exocytosis. (A) Thr284 in the
polybasic region of the synaptotagmin VI-C2A domain was changed to Ala
(TA mutant) to prevent phosphorylation or to Glu (TE mutant) to mimic the
negative charge introduced by phosphorylation. The same region in
synaptotagmin I is shown for comparison. (B) Permeabilized spermatozoa
were incubated for 15 min at 37-C in the presence of 500 nM untreated
domains (C2A-TA, C2A-TE). For some experiments, C2A-TA was
preincubated with PKChII under non-activating (PKChII-PMA) or
activating (PKChII + PMA) conditions as described in Fig. 3. Acrosomal
exocytosis was evaluated by lectin binding after an additional 15-min
incubation at 37-C in the absence (control) or presence of 10 AM free Ca2+
(Ca). The data represent the mean T SEM of at least three independent
experiments, normalized as explained in Materials and methods. (C)
Purified GST-C2A domains (wild type and mutants) were incubated for 15
min at 37-C with PKChII (0.6 U/ml) under activating conditions (100 AM
CaCl2, 325 nM PMA, 140 AM phosphatidylserine) in the presence of
[g32P]ATP. Samples were then resolved by SDS-PAGE, and radiolabeled
proteins were detected by autoradiography. Molecular weight standards
(kDa) are indicated on the left.
Fig. 6. Endogenous synaptotagmin is phosphorylated in the polybasic C2B regio
antibodies. Phosphorylated (PP) and non-phosphorylated (NP) peptides (0.25 Ag
membrane by Ponceau Red staining (circles on the left). After blocking non-spec
increasing concentrations of the aPP antibody (Ag/ml) or with 0.64 Ag/ml of the aP
peptide, whereas aPP/NP recognizes both peptides. The experiment was repeated th
with an anti-PP antibody (70 nM, aPP, left panels), FITC–PSA (to differentiate be
cells in the field, right panels). In panels d– f, the anti-PP antibody was preincuba
with an excess of NP (aPP + NP, 70 nM + 700 nM). Scale bars = 5 Am. Notice th
synaptotagmin staining (asterisks). Immunolabeling was significantly reduced by p
not lost (observe that the PSA staining is not affected in these sperm). (C) Quant
shown in panel B. Control condition using a preimmune rabbit IgG fraction (co
represent the mean T SEM of three independent experiments. (D) Effect of the an
were incubated for 15 min at 37-C in the presence of 70 nM anti-PP antibody (aPP
NP). Acrosomal exocytosis was evaluated by lectin binding after an additional 15
Ca2+ (Ca2+). The data represent the mean T SEM of at least three independent ex
C.M. Roggero et al. / Developmental Biology 285 (2005) 422–435428Labeling with [g32P]ATP confirmed that the C2A
domain is phosphorylated in the presence of PKChII
whereas none of the mutants incorporated radiolabel under
the same conditions (Fig. 5C). Thus, we conclude that the
KCKLQTR motif is the only PKC phosphorylation site in
the C2A domain of synaptotagmin VI.
In summary, our results imply that the polybasic region
of the C2A and C2B domains of synaptotagmin VI are the
only PKC phosphorylation sites in these domains and that
phosphorylation of these regions regulates the interaction of
each domain with the fusion machinery operant in acro-
somal exocytosis.
Endogenous synaptotagmin is phosphorylated in sperm
The effects of recombinant C2 domains of synaptotag-
min VI on the acrosomal reaction beg the question of
whether the endogenous protein undergoes phosphoryla-
tion. To pursue this question, two antibodies were
generated, one specific for a phosphorylated peptide
(anti-PP) of the C2B polybasic region and one that binds
both the phosphorylated and the non-phosphorylated
peptide (anti-PP/NP). Since this region is highly conserved
among synaptotagmins, the antibodies are likely not
specific for synaptotagmin VI. Dot blot analysis with the
anti-PP antibody indicates that the antibody was specific
for the phosphorylated peptide (Fig. 6A). When the
antibodies were used for immunofluorescence, they labeled
the acrosomal region of intact sperm (Fig. 6B). The
percentage of labeled cells was quantified in three
independent experiments (Fig. 6C). The labeling was
similar for both antibodies. Preincubation of the anti-PP
antibody with PP but not with NP decreased the
immunofluorescence labeling, indicating that the antibody
specifically recognized phosphorylated antigens in the cells
(Fig. 6C).
The anti-PP antibody was then tested in the functional
assay. As we have previously reported with a synaptotagmin
VI specific antibody (Michaut et al., 2001), low concen-
trations of the anti-peptide antibody inhibited acrosome
reaction. As expected, preincubation of the anti-PP antibody
with PP but not with NP abrogated its inhibitory effect onn. (A) Dot blot analysis with the anti-PP (aPP) and anti-PP/NP (aPP/NP)
) were immobilized on nitrocellulose. The peptides were visualized on the
ific binding, the membrane was immunostained (circles on the right) with
P/NP antibody. Notice that aPP does not recognize the non-phosphorylated
ree times with similar results. (B) Spermatozoa were fixed and triple stained
tween reacted and intact sperm, central panels), and Hoechst (to visualize all
ted with an excess of PP (aPP + PP, 70 nM + 700 nM) and, in panels g– i,
at spontaneously reacted sperm (negative for FITC-PSA) were negative for
reincubating the antibody with PP (arrowheads), although the acrosome was
ification of immunofluorescence labeling in the sperm acrosomal region as
ntrol) and the anti-PP/NP antibody (aPP/NP) are also included. The data
ti-peptide antibodies on acrosomal exocytosis. Permeabilized spermatozoa
) alone or preincubated with 280 nM PP (aPP + PP) or 280 nM NP (aPP +
-min incubation at 37-C in the absence (control) or presence of 10 AM free
periments, normalized as described in Materials and methods.
C.M. Roggero et al. / Developmental Biology 285 (2005) 422–435 429exocytosis (Fig. 6D). At the concentrations used, the
peptides did not affect the assay (data not shown).
The observation that recombinant phosphorylated syn-
aptotagmin has no effect on exocytosis suggests that this
post-translational modification negatively regulates the
activity of the protein. Therefore, we hypothesized that the
endogenous protein would need to be dephosphorylated tobe functional in exocytosis. We have recently shown that
synaptotagmin VI is required at a late step in the exocytic
process, after the release of intra-acrosomal calcium (De
Blas et al., in press). This step is sensitive to anti-
synaptotagmin antibodies. We speculated that, if the protein
needs to be dephosphorylated in order to participate in
exocytosis, the system would become resistant to the anti-
C.M. Roggero et al. / Developmental Biology 285 (2005) 422–435430PP antibody at this late stage. For these experiments, intra-
acrosomal calcium was depleted with a photosensitive and
membrane permeant calcium chelator (NP-EGTA-AM). The
system was stimulated in the dark and allowed to progress
up to the step that requires the efflux of intra-acrosomal
calcium. During this incubation, we expected that the
endogenous synaptotagmin would be dephosphorylated.
Anti-PP or anti-PP/NP antibodies were then added, and
intra-acrosomal calcium was replenished by inactivating
NP-EGTA-AM with UV illumination. Fig. 7A shows that
the anti-PP antibody had no effect on acrosomal exocytosis
when incorporated at this late stage whereas the anti-PP/NP
antibody was still inhibitory. The fact that the anti-PP
antibody does not inhibit at this late stage of the reaction
suggests that synaptotagmin is dephosphorylated duringFig. 7. Synaptotagmin is dephosphorylated early during acrosomal exocytosis.
(E-AM) for 15 min at 37-C to chelate intra-acrosomal Ca2+. Acrosomal exocyto
incubation at 37-C to allow exocytosis to proceed up to the intra-acrosomal Ca2+
recognize NP and PP (70 nM, aPP/NP) or only PP (70 nM, aPP). All these pro
was induced at the end of the incubation period (hr), and the samples were incu
black bars). Sperm were then fixed and acrosomal exocytosis was measured as
bars): background exocytosis in the absence of any stimulation (control); exocy
EGTA-AM in the dark (E-AM Y Ca2+ Y dark) and the recovery upon illumin
when present throughout the experiment (E-AM Y antibody Y Ca2+ Y hr). The
normalized as explained in Materials and methods. (B) Permeabilized spermatoz
chelate intra-acrosomal Ca2+. Acrosomal exocytosis was then initiated by addin
exocytosis to proceed up to the intra-acrosomal Ca2+-sensitive step, sperm w
antibodies (black bars). Immunofluorescence labeling in the sperm acrosomal
preimmune rabbit IgG fraction (control) and immunolabeling in unstimulated sp
mean T SEM of two independent experiments.exocytosis. Notice that the anti-PP/NP antibody, which
recognizes the same region in synaptotagmin, was still
inhibitory. Therefore, the lack of effect of the anti-PP
antibody was not due to inaccessibility of the antigenic
peptide in the endogenous protein at this stage of the process.
A further implication of the previous experiment is that
synaptotagmin would be dephosphorylated when exocytosis
is arrested at the intra-acrosomal calcium sensitive step. To
directly assess this hypothesis by immunofluorescence,
intra-acrosomal calcium was chelated with BAPTA-AM (a
membrane permeant calcium chelator), and sperm were
stimulated with calcium. Consistent with the above pre-
diction, at this stage, sperm immunolabeling with the anti-
PP antibody decreased, whereas immunolabeling with the
anti-PP/NP antibody was not modified (Fig. 7B). The(A) Permeabilized spermatozoa were loaded with 10 AM NP-EGTA-AM
sis was then initiated by adding 10 AM free Ca2+ (Ca2+). After 15 min of
-sensitive step, sperm were treated for 15 min at 37-C with antibodies that
cedures were carried out in the dark. UV flash photolysis of the chelator
bated for 5 min to promote exocytosis (E-AM Y Ca2+ Y antibody Y hr,
explained in Materials and methods. Several controls were included (gray
tosis stimulated by 10 AM free Ca2+ (Ca2+), the inhibitory effect of NP-
ation (E-AM Y Ca2+ Y hr), and the inhibitory effect of the antibodies
data represent the mean T SEM of at least three independent experiments,
oa were loaded with 10 AM BAPTA-AM (B-AM) for 15 min at 37-C to
g 10 AM free Ca2+ (Ca2+). After 15 min of incubation at 37-C to allow
ere immunolabeled with the anti-PP (aPP) or the anti-PP/NP (aPP/NP)
region was quantified in at least 200 cells. Control conditions using a
erm (aPP and aPP/NP) are included (gray bars). The data represent the
C.M. Roggero et al. / Developmental Biology 285 (2005) 422–435 431immunofluorescence and functional results with the anti-PP
antibody indicate that endogenous synaptotagmin is phos-
phorylated in resting sperm and that it is dephosphorylated
upon stimulation.Discussion
Binding of the sperm to the oocyte’s zona pellucida
induces a variety of signals in the sperm cell. The combined
signals trigger a calcium influx, and the plasma membrane
fuses at multiple sites with the outer acrosomal membrane
forming Fmixed_ vesicles. Throughout this process, the inner
acrosomal membrane forms a continuous membrane struc-
ture with the plasma membrane (Yanagimachi, 1994). The
released acrosomal content, mainly hydrolytic enzymes,
digests the zona pellucida and facilitates sperm penetration
to fertilize the oocyte. The molecular mechanism governing
this complex process is only partially understood. In the last
few years, it has become clear that acrosomal exocytosis
utilizes essentially the same membrane fusion mechanism
that has been described for regulated exocytosis in neuro-
endocrine cells (Ramalho-Santos et al., 2000; Schulz et al.,
1998; Tomes et al., 2002).
Membrane fusion requires the coordinated activation and
interaction of Rab-dependent and SNARE-dependent pro-
cesses (Sollner, 2003). Rab and Rab-interacting proteins are
necessary for the tethering of the two membranes that are
going to fuse. SNAREs are membrane-associated proteins
capable of forming a complex between cognate members of
the family located in the membranes of the tethered compart-
ments. The stepwise assembly of a four-helix bundle brings
the membranes in close apposition in a process that is
necessary for fusion. Evidence from our and other laborato-
ries indicates that several proteins that have key functions in
membrane fusion are present in the spermatozoa (Ramalho-
Santos et al., 2000; Schulz et al., 1998; Tomes et al., 2002;
Yunes et al., 2000). Moreover, by using specific antibodies,
recombinant proteins, and neurotoxins in permeabilized
spermatozoa, we have shown that Rab3A (Yunes et al.,
2000) and members of the three families of SNAREs (Tomes
et al., 2002) are necessary for acrosomal exocytosis.
Compared to other membrane fusion events, regulated
exocytosis has an additional layer of complexity; it must be
coupled to cell stimulation. Generally, cell stimulation
causes an increase in cytoplasmic calcium that is the signal
for exocytosis. The prime candidates for being calcium
sensors in regulated exocytosis are members of the
synaptotagmin family, a growing group of proteins with a
common architecture (for reviews, see Bai and Chapman,
2004; Chapman, 2002; Koh and Bellen, 2003; Tokuoka and
Goda, 2003; Yoshihara et al., 2003). They feature a short
amino-terminal luminal domain, a transmembrane region,
and a cytoplasmic region containing two C2 domains
arranged in tandem. Synaptotagmins fulfil several of the
criteria expected for a protein with a role in calcium-dependent regulation of membrane fusion. Calcium pro-
motes the quick penetration of loops 1 and 3 of the C2
domains into the lipid bilayers with kinetics that correlate
well with the fast exocytic response observed in neurons
(Bai et al., 2004). In addition, the C2 domains bind directly
to SNAP-25 and syntaxin (Rickman et al., 2004) and favor
the assembly of SNARE complexes (Littleton et al., 2001)
that facilitates SNARE-catalyzed membrane fusion (Mahal
et al., 2002; Tucker et al., 2004). The presence of
synaptotagmin I has been reported in sperm from several
mammalian species (Ramalho-Santos et al., 2000). Synap-
totagmin VIII has been identified in the acrosome of mouse
spermatozoa; accordingly, the protein is lost during exocy-
tosis (Hutt et al., 2002). In a previous report, we showed
that synaptotagmin VI is present in human spermatozoa
(Michaut et al., 2001). A recombinant protein containing the
tandem C2 domains of synaptotagmin VI inhibited acroso-
mal exocytosis in permeabilized spermatozoa with higher
potency than the same region of synaptotagmin I. A similar
observation has recently been reported for synaptotagmin VI
and VIII in permeabilized mouse sperm (Hutt et al., 2005).
Interestingly, we observed that phosphorylation of the
recombinant protein completely abrogated its effect in the
assay. The first question that we addressed in this report was
whether the two C2 domains arranged in tandem were
necessary to interfere with the exocytic machinery. The
results indicate that individual C2A and C2B domains can
abrogate acrosome exocytosis with similar potency (200
nM), although with about 5-fold lower potency than the
region containing both C2 domains (40 nM) (Michaut et al.,
2001). Relative to other exocytic fusion systems, acrosomal
exocytosis is very sensitive to inhibition by synaptotagmin
C2 domains. In permeabilized PC12 cells, C2 domains at
5–10 AM are required to inhibit calcium-triggered exocy-
tosis (Sugita et al., 2002; Tucker et al., 2003). The C2A and
C2B domains of synaptotagmin have a similar, but not
identical, 3D structure (Sutton et al., 1999). Three and two
calcium ions can be coordinated by the C2A and C2B
domains, respectively. The two domains are also engaged in
different molecular interactions during exocytosis (Cohen
et al., 2003; Fukuda and Mikoshiba, 2001; Wang et al.,
2003). Therefore, although both C2 domains of synapto-
tagmin VI inhibit acrosomal exocytosis, they probably
interfere with different steps in the process.
Very little is known about regulation of synaptotagmins
function by phosphorylation. In vivo, phosphorylation of
endogenous synaptotagmin I is increased by conditions that
stimulate Ca2+/calmodulin-dependent protein kinase II
(CaMKII) (Popoli et al., 1997). Addition of CaMKII to a
subcellular fraction enriched in synaptic vesicles increased
the interaction of syntaxin and SNAP-25 with synaptotagmin
I (Verona et al., 2000). Synaptotagmin I is a substrate for
casein kinase II, and the phosphorylation site has been
mapped to the linker between the transmembrane domain
and the C2A domain (Thr128) (Bennett et al., 1993;
Davletov et al., 1993; Hilfiker et al., 1999). WNK1
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Phosphorylation of Thr202 by WNK1 increases the amount
of Ca2+ required for synaptotagmin II binding to phospho-
lipids (Lee et al., 2004). Much less is known about
synaptotagmin phosphorylation by PKC. The targeting of
synaptotagmin IX to recycling endosomes is modulated by a
calcium-dependent PKC (Haberman et al., 2005). It has been
reported that synaptotagmin I is phosphorylated by this
kinase at Thr112, in the same linker region phosphorylated
by CaMKII (Hilfiker et al., 1999). In rat brain synaptosomes
and PC12 cells, K+-evoked depolarization or treatment with
phorbol esters caused an increase in the synaptotagmin I
phosphorylation at Thr112 (Hilfiker et al., 1999). This site is
well conserved in evolution in synaptotagmin I but is not
preserved in other members of the family and is not present
in synaptotagmin VI. Moreover, the linker region is not part
of the recombinant proteins studied in the present and
previous work (Michaut et al., 2001). Thus, a different PKC
phosphorylation site must be responsible for the effects
described in sperm. By mutational analysis of the C2B
domain, a phosphorylation site was identified in an area of
particular relevance for the function of the protein. The
polybasic motif located in the fourth beta strand of the C2B
domain is called the effector region because it is important
for binding to inositol polyphosphates (Ibata et al., 1998),
PIP2 (Bai et al., 2004), SNAREs (Rickman et al., 2004), andFig. 8. Working model for the PKC-mediated regulation of synaptotagmin VI C2
resting sperm, synaptotagmin is phosphorylated and inactive. Upon stimulatio
Recombinant C2A or C2B domains compete with the endogenous synaptotagmin
inactive. PM, plasma membrane; OAM, outer acrosomal membrane.AP2 (Littleton et al., 2001). Mutations that eliminate lysines
from the motif greatly reduce synaptotagmin’s binding to
these potential effectors in vitro (Ibata et al., 1998), in cells
(Rickman et al., 2004), and in whole organisms (D.
melanogaster) (Mackler and Reist, 2001). For synaptotag-
min I, this positively charged motif is important for
oligomerization, although it is not necessary for oligomeri-
zation of the C2A motif of synaptotagmin VII (Fukuda and
Mikoshiba, 2001). It is predicted that phosphorylation of this
polybasic region would strongly affect its overall charge,
preventing interaction with effectors and rendering the motif
inactive. Less clear is the function of the polybasic region in
the C2A domain. It has been reported that a mutation in this
motif reverses the inhibitory effect of an injected synapto-
tagmin I C2A fragment on Ca2+-regulated secretion in PC12
cells and precludes synaptotagmin I interaction with Ca2+
channels (Cohen et al., 2003; Thomas and Elferink, 1998).
Both polybasic motifs are well preserved in the synapto-
tagmin family (Craxton, 2004). In addition, the putative
phosphorylation sites in these regions are present in all
synaptotagmin isoforms from all species (Craxton, 2004),
suggesting that their phosphorylation may be a widespread
event in the regulation of these proteins. In brief, it is likely
that the polybasic regions interact with synaptotagmin
effectors and that PKC-mediated phosphorylation of relevant
Thr residues strongly affects their activity.domains interaction with putative effectors during acrosomal exocytosis. In
n, the protein is dephosphorylated and can interact with its effectors.
for the membrane-bound effectors, whereas the phosphorylated domains are
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tagmin phosphorylation are scarce, there is a large biblio-
graphy regarding the effect of PKC activity on exocytosis
(Barclay et al., 2003; Yang et al., 2002). Several key
proteins in exocytosis are substrates for PKC – SNAP-25
(Shimazaki et al., 1996), syntaxin 4 (Chung et al., 2000),
NSF (Matveeva et al., 2001), and Munc18 (Fujita et al.,
1996) – although the consequences of phosphorylation of
these proteins for their in vivo function are uncertain. PKC
has been implicated in two exocytic processes that are
fundamental for fertilization: sperm acrosome reaction
(Breitbart and Naor, 1999) and oocyte degranulation
(Gundersen et al., 2002). The presence of several PKC
isoforms has been reported in spermatides (Kim et al., 2000)
and in the acrosome of mature mammalian sperm (Kalina et
al., 1995; Lax et al., 1997). Evidence in favor of a function
for PKC in acrosomal exocytosis stimulated by progester-
one (Chen et al., 2000; O’Toole et al., 1996; Rathi et al.,
2003) and zona pellucida (Liu and Baker, 1997) has also
been reported. Most studies show that PKC activators (e.g.,
phorbol esters and diacylglycerol) promote acrosomal
exocytosis and that several PKC inhibitors (e.g., cheler-
ythrine, calphostin C, and staurosporine) block acrosome
reaction triggered by progesterone and zona pellucida
(Breitbart et al., 1992; Chen et al., 2000; Liu and Baker,
1997; O’Toole et al., 1996).
In an attempt to identify phosphorylation in endogenous
sperm synaptotagmins, we have generated an antibody that
recognized the phosphorylated but not the unphosphorylated
polybasic region of the C2B domain. Since the peptide used
for immunization is common to several synaptotagmins, it
should not discriminate among these proteins. However, it is
worth mentioning that a BLAST search showed that this
peptide has very low homology with polybasic regions in
other proteins. The antibody labeled the acrosome region of
sperm, indicating that some endogenous synaptotagmins are
phosphorylated in these cells. This immunostaining was
blocked by the phosphorylated – but not by the unphos-
phorylated – peptide, showing that the antibody was
specific for phosphorylated antigens. Moreover, the anti-
body was also able to block acrosomal exocytosis, and this
functional effect was also differentially competed by the
phosphorylated versus the unphosphorylated peptide. Inter-
estingly, the antibody inhibits exocytosis only at early stages
of the exocytic process. In contrast, the antibody that
recognizes both the phosphorylated and the unphosphory-
lated forms was also inhibitory at late stages, which
coincidences with the results obtained with an anti-
synaptotagmin VI antibody (De Blas et al., in press). Our
results with the recombinant domains indicate that phos-
phorylation inhibits the interaction of synaptotagmin with its
effectors; it is then reasonable to assume that the endoge-
nous protein must be dephosphorylated prior to interacting
with the fusion machinery. The observations that the anti-PP
antibody is not inhibitory after exocytosis has been initiated
and that the immunolabeling with this antibody decreasesupon sperm stimulation are consistent with this hypothesis.
The antibody may inhibit at an early stage by preventing the
dephosphorylation of synaptotagmin.
Aworking model is presented in Fig. 8. According to this
model, PKC has an inhibitory role in synaptotagmin
function. However, several studies have shown that PKC
activity is necessary for the acrosome reaction (Breitbart and
Naor, 1999). In fact, acrosomal exocytosis in permeabilized
sperm is blocked by PKC inhibitors (unpublished observa-
tions). The phosphorylation state of a protein depends on the
balance between kinase and phosphatase activities. There-
fore, a protein phosphatase may be activated during
acrosomal exocytosis favoring the dephosphorylated form
of synaptotagmin. Activation of PKC probably affects
several other targets in the exocytic machinery that may
explain its exocytosis-promoting activity. The PKC-medi-
ated phosphorylation of the polybasic regions of synapto-
tagmin C2 domains that we propose is likely to be a
regulatory event that strongly affects the interaction of this
protein with its effectors.Acknowledgments
We thank Dr. Gareth Griffith for critical reading of the
manuscript and Marcelo Furla´n for technical assistance.
This work was supported by an International Research
Scholar Award from the Howard Hughes Medical Institute
and by grants from Consejo Nacional de Investigaciones
Cientı´ficas y Te´cnicas and Agencia Nacional de Promocio´n
de la Ciencia y la Tecnologı´a (Argentina) to L.M.References
Bai, J., Chapman, E.R., 2004. The C2 domains of synaptotagmin—Partners
in exocytosis. Trends Biochem. Sci. 29, 143–151.
Bai, J., Tucker, W.C., Chapman, E.R., 2004. PIP2 increases the speed of
response of synaptotagmin and steers its membrane-penetration activity
toward the plasma membrane. Nat. Struct. Mol. Biol. 11, 36–44.
Barclay, J.W., Craig, T.J., Fisher, R.J., Ciufo, L.F., Evans, G.J., Morgan, A.,
Burgoyne, R.D., 2003. Phosphorylation of Munc18 by protein kinase C
regulates the kinetics of exocytosis. J. Biol. Chem. 278, 10538–10545.
Bennett, M.K., Miller, K.G., Scheller, R.H., 1993. Casein kinase II
phosphorylates the synaptic vesicle protein p65. J. Neurosci. 13,
1701–1707.
Breitbart, H., 2002. Intracellular calcium regulation in sperm capacitation
and acrosomal reaction. Mol. Cell. Endocrinol. 187, 139–144.
Breitbart, H., Naor, Z., 1999. Protein kinases in mammalian sperm
capacitation and the acrosome reaction. Rev. Reprod. 4, 151–159.
Breitbart, H., Lax, J., Rotem, R., Naor, Z., 1992. Role of protein kinase C in
the acrosome reaction of mammalian spermatozoa. Biochem. J. 281,
473–476.
Chapman, E.R., 2002. Synaptotagmin: a Ca2+ sensor that triggers
exocytosis? Nat. Rev. Mol. Cell Biol. 3, 498–508.
Chen, W.Y., Yuan, Y.Y., Shi, Q.X., Zhang, X.Y., 2000. Effect of protein
kinase C on guinea pig sperm acrosome reaction induced by
progesterone. Acta Pharmacol. Sin. 21, 787–791.
Chung, S.H., Polgar, J., Reed, G.L., 2000. Protein kinase C phosphorylation
of syntaxin 4 in thrombin-activated human platelets. J. Biol. Chem. 275,
25286–25291.
C.M. Roggero et al. / Developmental Biology 285 (2005) 422–435434Cohen, R., Elferink, L.A., Atlas, D., 2003. The C2A domain of synapto-
tagmin alters the kinetics of voltage-gated Ca2+ channels Ca(v)1.2 (Lc-
type) and Ca(v)2.3 (R-type). J. Biol. Chem. 278, 9258–9266.
Craxton, M., 2004. Synaptotagmin gene content of the sequenced genomes.
BMC Genomics 5, 43.
Darszon, A., Beltran, C., Felix, R., Nishigaki, T., Trevino, C.L., 2001. Ion
transport in sperm signaling. Dev. Biol. 240, 1–14.
Davletov, B., Sontag, J.M., Hata, Y., Petrenko, A.G., Fykse, E.M., Jahn, R.,
Sudhof, T.C., 1993. Phosphorylation of synaptotagmin I by casein
kinase II. J. Biol. Chem. 268, 6816–6822.
De Blas, G.A., Roggero, C.M., Tomes, C.N., Mayorga, L.S., in press.
Dynamics of SNARE assembly and disassembly during sperm
acrosomal exocytosis. PLoS Biology.
Fujita, Y., Sasaki, T., Fukui, K., Kotani, H., Kimura, T., Hata, Y.,
Sudhof, T.C., Scheller, R.H., Takai, Y., 1996. Phosphorylation of
Munc-18/n-Sec1/rbSec1 by protein kinase C: its implication in regulat-
ing the interaction of Munc-18/n-Sec1/rbSec1 with syntaxin. J. Biol.
Chem. 271, 7265–7268.
Fukuda, M., Mikoshiba, K., 2001. Mechanism of the calcium-dependent
multimerization of synaptotagmin VII mediated by its first and second
C2 domains. J. Biol. Chem. 276, 27670–27676.
Fukuda, M., Kojima, T., Aruga, J., Niinobe, M., Mikoshiba, K., 1995.
Functional diversity of C2 domains of synaptotagmin family. Muta-
tional analysis of inositol high polyphosphate binding domain. J. Biol.
Chem. 270, 26523–26527.
Fukuda, M., Kojima, T., Mikoshiba, K., 1996. Phospholipid composition
dependence of Ca2+-dependent phospholipid binding to the C2A
domain of synaptotagmin IV. J. Biol. Chem. 271, 8430–8434.
Fukuda, M., Katayama, E., Mikoshiba, K., 2002. The calcium-binding
loops of the tandem C2 domains of synaptotagmin VII cooperatively
mediate calcium-dependent oligomerization. J. Biol. Chem. 277,
29315–29320.
Gundersen, C.B., Kohan, S.A., Chen, Q., Iagnemma, J., Umbach, J.A.,
2002. Activation of protein kinase CD triggers cortical granule
exocytosis in Xenopus oocytes. J. Cell Sci. 115, 1313–1320.
Haberman, Y., Ziv, I., Gorzalczany, Y., Fukuda, M., Sagi-Eisenberg, R.,
2005. Classical protein kinase C(s) regulates targeting of synaptotag-
min IX to the endocytic recycling compartment. J. Cell Sci. 118,
1641–1649.
Hilfiker, S., Pieribone, V.A., Nordstedt, C., Greengard, P., Czernik, A.J.,
1999. Regulation of synaptotagmin I phosphorylation by multiple
protein kinases. J. Neurochem. 73, 921–932.
Hutt, D.M., Cardullo, R.A., Baltz, J.M., Ngsee, J.K., 2002. Synaptotagmin
VIII is localized to the mouse sperm head and may function in
acrosomal exocytosis. Biol. Reprod. 66, 50–56.
Hutt, D.M., Baltz, J.M., Ngsee, J.K., 2005. Synaptotagmin VI and VIII and
syntaxin 2 are essential for the mouse sperm acrosome reaction. J. Biol.
Chem. 280, 20197–20203.
Ibata, K., Fukuda, M., Mikoshiba, K., 1998. Inositol 1,3,4,5-tetraki-
sphosphate binding activities of neuronal and non-neuronal synapto-
tagmins. Identification of conserved amino acid substitutions that
abolish inositol 1,3,4,5-tetrakisphosphate binding to synaptotagmins
III, V, and X. J. Biol. Chem. 273, 12267–12273.
Jungnickel, M.K., Marrero, H., Birnbaumer, L., Lemos, J.R., Florman,
H.M., 2001. Trp2 regulates entry of Ca2+ into mouse sperm triggered by
egg ZP3. Nat. Cell Biol. 3, 499–502.
Kalina, M., Socher, R., Rotem, R., Naor, Z., 1995. Ultrastructural
localization of protein kinase C in human sperm. J. Histochem.
Cytochem. 43, 439–445.
Kim, H.M., Jin, E., Park, S.T., Kim, J.J., Yoon, H.S., Oh, Y.K., Oh, K.S.,
Chung, Y.T., 2000. Expression of protein kinase C genes in normal
(+/+) and W mutant alleles (Wsh/Wsh, W/Wv) mice testes. Immuno-
pharmacol. Immunotoxicol. 22, 91–102.
Koh, T.W., Bellen, H.J., 2003. Synaptotagmin I, a Ca2+ sensor for
neurotransmitter release. Trends Neurosci. 26, 413–422.
Lax, Y., Rubinstein, S., Breitbart, H., 1997. Subcellular distribution
of protein kinase C alpha and beta I in bovine spermatozoa, andtheir regulation by calcium and phorbol esters. Biol. Reprod. 56,
454–459.
Lee, B.H., Min, X., Heise, C.J., Xu, B.E., Chen, S., Shu, H., Luby-Phelps,
K., Goldsmith, E.J., Cobb, M.H., 2004. WNK1 phosphorylates
synaptotagmin 2 and modulates its membrane binding. Mol. Cell 15,
741–751.
Littleton, J.T., Bai, J., Vyas, B., Desai, R., Baltus, A.E., Garment, M.B.,
Carlson, S.D., Ganetzky, B., Chapman, E.R., 2001. Synaptotagmin
mutants reveal essential functions for the C2B domain in Ca2+-triggered
fusion and recycling of synaptic vesicles in vivo. J. Neurosci. 21,
1421–1433.
Liu, D.Y., Baker, H.W., 1997. Protein kinase C plays an important role in
the human zona pellucida-induced acrosome reaction. Mol. Hum.
Reprod. 3, 1037–1043.
Mackler, J.M., Reist, N.E., 2001. Mutations in the second C2 domain of
synaptotagmin disrupt synaptic transmission at Drosophila neuro-
muscular junctions. J. Comp. Neurol. 436, 4–16.
Mahal, L.K., Sequeira, S.M., Gureasko, J.M., Sollner, T.H., 2002. Calcium-
independent stimulation of membrane fusion and SNAREpin formation
by synaptotagmin I. J. Cell Biol. 158, 273–282.
Matveeva, E.A., Whiteheart, S.W., Vanaman, T.C., Slevin, J.T., 2001.
Phosphorylation of the N-ethylmaleimide-sensitive factor is associated
with depolarization-dependent neurotransmitter release from synapto-
somes. J. Biol. Chem. 276, 12174–12181.
Mendoza, C., Carreras, A., Moos, J., Tesarik, J., 1992. Distinction between
true acrosome reaction and degenerative acrosome loss by a one-step
staining method using Pisum sativum agglutinin. J. Reprod. Fertil. 95,
755–763.
Michaut, M., De Blas, G., Tomes, C.N., Yunes, R., Fukuda, M., Mayorga,
L.S., 2001. Synaptotagmin VI participates in the acrosome reaction of
human spermatozoa. Dev. Biol. 235, 521–529.
O’Toole, C.M., Roldan, E.R., Fraser, L.R., 1996. Protein kinase C
activation during progesterone-stimulated acrosomal exocytosis in
human spermatozoa. Mol. Hum. Reprod. 2, 921–927.
Popoli, M., Venegoni, A., Vocaturo, C., Buffa, L., Perez, J., Smeraldi, E.,
Racagni, G., 1997. Long-term blockade of serotonin reuptake affects
synaptotagmin phosphorylation in the hippocampus. Mol. Pharmacol.
51, 19–26.
Ramalho-Santos, J., Moreno, R.D., Sutovsky, P., Chan, A.W., Hewitson, L.,
Wessel, G.M., Simerly, C.R., Schatten, G., 2000. SNAREs in mammalian
sperm: possible implications for fertilization. Dev. Biol. 223, 54–69.
Rathi, R., Colenbrander, B., Stout, T.A., Bevers, M.M., Gadella, B.M.,
2003. Progesterone induces acrosome reaction in stallion spermatozoa
via a protein tyrosine kinase dependent pathway. Mol. Reprod. Dev. 64,
120–128.
Rickman, C., Archer, D.A., Meunier, F.A., Craxton, M., Fukuda, M.,
Burgoyne, R.D., Davletov, B., 2004. Synaptotagmin interaction with
the syntaxin/SNAP-25 dimer is mediated by an evolutionarily con-
served motif and is sensitive to inositol hexakisphosphate. J. Biol.
Chem. 279, 12574–12579.
Rizo, J., Sudhof, T.C., 1998. C2-domains, structure and function of a
universal Ca2+-binding domain. J. Biol. Chem. 273, 15879–15882.
Schulz, J.R., Sasaki, J.D., Vacquier, V.D., 1998. Increased association of
synaptosome-associated protein of 25 kDa with syntaxin and vesicle-
associated membrane protein following acrosomal exocytosis of sea
urchin sperm. J. Biol. Chem. 273, 24355–24359.
Shimazaki, Y., Nishiki, T., Omori, A., Sekiguchi, M., Kamata, Y., Kozaki, S.,
Takahashi, M., 1996. Phosphorylation of 25-kDa synaptosome-associ-
ated protein—Possible involvement in protein kinase C-mediated
regulation of neurotransmitter release. J. Biol. Chem. 271, 14548–14553.
Sollner, T.H., 2003. Regulated exocytosis and SNARE function. Mol.
Membr. Biol. 20, 209–220.
Sudhof, T.C., 2002. Synaptotagmins: why so many? J. Biol. Chem. 277,
7629–7632.
Sugita, S., Shin, O.H., Han, W., Lao, Y., Sudhof, T.C., 2002. Synapto-
tagmins form a hierarchy of exocytotic Ca2+ sensors with distinct Ca2+
affinities. EMBO J. 21, 270–280.
C.M. Roggero et al. / Developmental Biology 285 (2005) 422–435 435Sutton, R.B., Ernst, J.A., Brunger, A.T., 1999. Crystal structure of the
cytosolic C2A-C2B domains of synaptotagmin III. Implications for
Ca2+-independent snare complex interaction. J. Cell Biol. 147, 589–598.
Thomas, D.M., Elferink, L.A., 1998. Functional analysis of the C2A
domain of synaptotagmin 1: implications for calcium-regulated secre-
tion. J. Neurosci. 18, 3511–3520.
Tokuoka, H., Goda, Y., 2003. Synaptotagmin in Ca2+-dependent exocy-
tosis: dynamic action in a flash. Neuron 38, 521–524.
Tomes, C.N., Michaut, M., De Blas, G., Visconti, P., Matti, U., Mayorga,
L.S., 2002. SNARE complex assembly is required for human sperm
acrosome reaction. Dev. Biol. 243, 326–338.
Tucker, W.C., Chapman, E.R., 2002. Role of synaptotagmin in Ca2+-
triggered exocytosis. Biochem. J. 366, 1–13.
Tucker, W.C.Edwardson, J.M., Bai, J., Kim, H.J., Martin, T.F., Chapman,
E.R., 2003. Identification of synaptotagmin effectors via acute inhibition
of secretion from cracked PC12 cells. J. Cell Biol. 162, 199–209.
Tucker, W.C., Weber, T., Chapman, E.R., 2004. Reconstitution of Ca2+-
regulated membrane fusion by synaptotagmin and SNAREs. Science
304, 435–438.Verona, M., Zanotti, S., Schafer, T., Racagni, G., Popoli, M., 2000. Changes
of synaptotagmin interaction with t-SNARE proteins in vitro after
calcium/calmodulin-dependent phosphorylation. J. Neurochem. 74,
209–221.
Wang, C.T., Lu, J.C., Bai, J., Chang, P.Y., Martin, T.F., Chapman,
E.R., Jackson, M.B., 2003. Different domains of synaptotagmin
control the choice between kiss-and-run and full fusion. Nature 424,
943–947.
Yanagimachi, R., 1994. Mammalian fertilization. In: Knobil, E., Neill, J.D.
(Eds.), The Physiology of Reproduction. Raven Press, pp. 189–281.
Yang, Y., Udayasankar, S., Dunning, J., Chen, P., Gillis, K.D., 2002. A
highly Ca2+-sensitive pool of vesicles is regulated by protein kinase C
in adrenal chromaffin cells. Proc. Natl. Acad. Sci. U. S. A. 99,
17060–17065.
Yoshihara, M., Adolfsen, B., Littleton, J.T., 2003. Is synaptotagmin the
calcium sensor? Curr. Opin. Neurobiol. 13, 315–323.
Yunes, R., Michaut, M., Tomes, C., Mayorga, L.S., 2000. Rab3A triggers
the acrosome reaction in permeabilized human spermatozoa. Biol.
Reprod. 62, 1084–1089.
